Keeping imbibed seeds at low temperatures for a certain period, so-called seed vernalization (SV) treatment, promotes seed germination and subsequent flowering in various plants. Vernalization-promoting flowering requires GSH. However, we show here that increased GSH biosynthesis partially mimics SV treatment in Arabidopsis thaliana. SV treatment (keeping imbibed seeds at 4 C for 24 h) induced a specific pattern of gene expression and promoted subsequent flowering in WT A. thaliana. A similar pattern was observed at 22 C in transgenic (35S-GSH1) plants overexpressing the g-glutamylcysteine synthetase gene GSH1, coding for an enzyme limiting GSH biosynthesis, under the control of the cauliflower mosaic virus 35S promoter. This pattern of gene expression was further strengthened at 4 C and indistinguishable from the WT pattern at 4 C. However, flowering in 35S-GSH1 plants was less responsive to SV treatment than in WT plants. There was a difference in the transcript behavior of the flowering repressor FLC between WT and 35S-GSH1 plants. Unlike other genes responsive to SV treatment, the SV-dependent decrease in FLC in WT plants was reversed in 35S-GSH1 plants. SV treatment increased the GSSG level in WT seeds while its level was high in 35S-GSH1 plants, even at a non-vernalizing temperature. Taking into consideration that low temperatures stimulate GSH biosynthesis and cause oxidative stress, GSSG is considered to trigger a low-temperature response, although enhanced GSH synthesis was not enough to completely mimic the SV treatment.
Introduction
Keeping imbibed seeds at low temperatures promotes seed germination and subsequent flowering in many plant species (Shropshire et al. 1961 , Cone and Spruit 1983 , Saisho et al. 2011 ). This phenomenon is generally called seed vernalization (SV), and is generally considered to be physiologically important for winter annuals as it prevents seeds from hazardous germinating in autumn or the plants from flowering in winter, and thus allows their descendants to be reproduced.
Many intensive studies have been conducted to determine the mechanism(s) underlying vernalization. Numerous genes involved in the promotion of flowering by vernalization have been identified mainly in Arabidopsis and cereals (Sheldon et al. 2000 , Trevaskis et al. 2007 , Kim et al. 2009 ). The central role of the flowering repressor gene FLOWERING LOCUS C (FLC) in the vernalization response of Arabidopsis has been proposed and is supported by many reports (see review by Crevillén and Dean 2011) , although the FLC ortholog has not yet been identified in other plant species.
With respect to plant hormones, gibberellin (GA) has been recognized as a promoter of SV and ABA is a promoter of seed dormancy (Yamaguchi et al. 2007 , Seo et al. 2009 , Kanno et al. 2010 . In Arabidopsis seeds, SV treatment up-regulates the expression of genes involved in GA biosynthesis, and increases the level of bioactive GAs and transcript abundance of GA-inducible genes, resulting in an improvement of germination frequency (Yamauchi et al. 2004) . GA also plays a key role in promoting flowering in rosette plants (Hillman 1969) . GA is essential for flowering and is induced in vernalized plants (Hazebroek et al. 1993 , Winfield et al. 2009 ). Microarray experiments on this topic have deepened our understanding Plant Cell Physiol. 53(7): 1195-1203 (2012) doi:10.1093/pcp/pcs075, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com of the SV mechanism (Ciannamea et al. 2006) , as have mutant analyses in Arabidopsis thaliana.
We previously suggested an association of GSH metabolism with flowering, including vernalization-promoting flowering, and made several conclusions , Ogawa 2005 , HatanoIwasaki and Ogawa 2007 . Considering that GSH biosynthesis is promoted by such an oxidative stimulus as low temperature and that GSH is a potential regulator of protein function (Foyer and Noctor 2005, Ogawa 2005) , it is postulated that changes in GSH levels trigger adaptive responses to environments, including vernalization-dependent responses. Indeed, GSH feeding induces a vernalization-dependent floral response in Eustoma grandiflorum ). Consistent observations have been obtained in Arabidopsis late-flowering mutant and glutathione-deficient mutant ). However, a comprehensive understanding of the mechanism of the GSH-involved vernalization response at the molecular level has not been achieved yet.
In order to comprehensively understand the relationship between GSH metabolism and SV, we here compared the global gene expression between WT and transgenic plants expressing the GSH1 gene, which encodes g-glutamylcysteine synthetase, under the control of the cauliflower mosaic virus 35S promoter (35S-GSH1 plants). We further investigated the gene expression of the SV treatment-responsive genes after SV treatment and the flowering behavior of these plants in order to assess the relationship between GSH metabolism and SV. Based on these results, we make some conclusions and discuss possible mechanisms underlying SV, taking into consideration GSH metabolism.
Results
Comparison of global transcript levels at 4 and 22 C in imbibed seeds of 35S-GSH1 and WT plants
The transgenic 35S-GSH1 plants used in this study had higher GSH and GSSG levels with increased levels of GSH1 mRNA (Figs. S1 and S2). SV treatment was performed at 4 C for 24 h (schematically shown in Fig. 1 ) to investigate changes in global transcript levels during the SV treatment by means of microarray analysis. Two independent microarray experiments were performed for each treatment (Fig. S3) . Scatter-plot comparisons of two independent experiments for each treatment showed that each treatment had a similar experimental dispersion (Fig. S3) . A comparison of global transcript levels between WT seeds imbibed for 24 h at 4 and 22 C ( Fig. 2A) revealed a set of genes responsive to the 24-h SV treatment. We also observed a similar pattern when we compared the global transcript levels between 35S-GSH1 and WT seeds imbibed at 22 C (Fig. 2B ). This specific pattern was weakened when we compared the global transcript levels in 35S-GSH1 seeds imbibed at 4 and 22 C (Fig. 2C) , and it completely disappeared when 35S-GSH1 and WT seeds were imbibed at 4 C (Fig. 2D) . The set of SV treatment-responsive genes in WT seeds was determined based on an analysis of microarray data, as described in the Materials and Methods section (Tables S1 and S2). SV treatment-responsive genes were replotted in a manner similar to that used in Fig. 2  (Fig. 3) . The results clearly showed that, regardless of SV treatment, the transcript levels of the SV treatment-responsive genes in 35S-GSH1 seeds remained similar to those in SV-treated WT seeds.
Post-SV treatment responses of SV treatment-responsive genes in 35S-GSH1 and WT plants SV effects are not established until imbibed seeds are restored to moderate temperatures for growth and flowering. We thus also focused on the post-SV treatment responses of SV treatment-responsive genes in 35S-GSH1 and WT plants by quantitative PCR analysis (Figs. 1 and 4) . For quantitative PCR analysis, we randomly selected some SV treatmentresponsive genes (listed in Tables S1 and S2). The levels of these genes in 35S-GSH1 and WT plants moved toward the direction of restoration to the level of SV-untreated WT seeds, although this response was more pronounced in 35S-GSH1 plants than in WT plants (Fig. 4) .
Flowering behavior of 35S-GSH1 and WT plants
To investigate the effect of SV treatment on flowering in 35S-GSH1 plants, SV-treated and -untreated seeds were sown on soil and the flowering behavior of 35S-GSH1 and WT plants was compared (Fig. 5) number of rosette leaves at flowering, a developmental index of flowering, between 35S-GSH1 and WT plants when SV treatment was omitted. SV treatment reduced the number of rosette leaves at flowering in WT plants, but it had little effect on 35S-GSH1 plants.
Behavior of the flowering repressor FLC in 35S-GSH1 and WT plants
In Arabidopsis, the flowering repressor FLC has been suggested to be essentially involved in vernalization (Michaels and Amasino 1999) . Compared with the SV-untreated control, FLC transcript levels in WT seeds remained low during and after SV treatment; however, FLC transcript levels in 35S-GSH1 seeds during SV treatment were comparable to those in SV-untreated WT seeds (Fig. 6) . The level of FLC in 35S-GSH1 seeds was unexpectedly higher when the seeds were not treated with SV.
GSH and GSSG levels in 35S-GSH1 and WT seeds
To determine the relationship between the SV treatment and glutathione metabolism, GSH and GSSG levels were examined.
Regardless of temperature, there was little difference in GSH levels between 35S-GSH1 and WT seeds (Fig. 7A) . In WT seeds, SV treatment decreased the GSH/GSSG ratio ( Fig. 7C ) by increasing GSSG levels (Fig. 7B) . On the other hand, in 35S-GSH1 seeds, the ratio and levels were comparable to those in SV-treated WT seeds and there was little change caused by SV. Buthionine sulfoximine (BSO), a potent inhibitor of GSH1, abolished the difference between 35S-GSH1 and WT seeds ( Table S3 ).
Discussion
Close association of glutathione metabolism with transcript response to SV treatment
The present study clearly shows that the transcript response to SV treatment is closely associated with glutathione metabolism. In 35S-GSH1 plants, the gene expression pattern in response to 22 C resembled that of WT plants responding to 4 C ( Figs These observations strongly suggest that glutathione is a key regulator of gene expression in response to low temperature. Plant GSH levels are often suggested to be associated with chilling tolerance (Kocsy et al. 1996) . However, no clear evidence has explained this mechanism, except for a notion that GSH may protect the cell from oxidative stress by maintaining it in a reduced state. Here we succeeded in providing new clear evidence for the involvement of glutathione in the regulation of low-temperature responses at the transcript level. Post-chilling is also a form of oxidative stress. In this respect, it should be noted that the post-SV treatment responses of the genes responsive to low temperature were stronger in 35S-GSH1 plants than in WT plants. A rapid and complete adaptive response of gene expression is one important component for a plant species or cultivar to obtain cold tolerance.
Precise regulation of glutathione metabolism is required for SV effects
Although we show that glutathione metabolism is important in the regulation of SV, we could not mimic or promote it (Fig. 5) . This is likely due to fewer redox changes in 35S-GSH1 plants. We previously suggested that GSH is involved in floral regulation , Ogawa 2005 , Hatano-Iwasaki and Ogawa 2007 ). An Arabidopsis late-flowering mutant, fca, in which high FLC is a causal factor for late flowering, has high GSH levels and a treatment decreasing GSH levels hastened its flowering . In this study, FLC levels increased in 35S-GSH1 plants without SV treatment (Fig. 6) . These findings suggest that the floral transition requires redox changes in glutathione. This idea is not inconsistent with the late-flowering phenotype in 35S-GSH1 plants grown under non-oxidative conditions and low or moderate intensities of light (Hatano-Iwasaki and Ogawa 2007) .
Flowering is also delayed by restricted GSH biosynthesis , Ogawa 2005 , Hatano-Iwasaki and Ogawa 2007 . Restricting GSH biosynthesis by BSO delays flowering and this is restored by GSH supplementation (Hatano-Iwasaki and Ogawa 2007). Furthermore, oversupplementation of GSH to the BSO-treated fca mutant further delays flowering ). These observations strongly suggest that a certain amount of glutathione is required for flowering and are consistent with the idea that redox changes in glutathione are required for the floral transition (Hatano-Iwasaki and Ogawa 2007) . The importance of GSH biosynthesis in vernalization effects has been demonstrated in E. grandiflorum ). This plant requires a certain period of low temperatures to flower and has low GSH levels. Upon vernalization treatment, GSH1 activity changed with GSH and GSSG levels. Yanagida et al. (2004) showed that feeding GSH, but not GSSG, mimicked the vernalization effect, and feeding GSH or GSSG to the plant shortened the period required for the vernalization effect when GSH and GSSG levels were high compared with those in non-vernalized plants. This is consistent with the idea that redox changes in glutathione are required for flowering. Taking the result of this study into consideration, it is likely that vernalization treatment also modulated the sensitivity to glutathione at the transcript level. To completely mimic SV, the mechanism underlying the redox sensing of glutathione should be elucidated. 
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GSSG may be a key component regulating plant growth
Unexpectedly, 35S-GSH1 seeds had a higher GSSG level than WT seeds and this level was comparable to that in seeds imbibed at a low temperature. BSO abolished the difference in the GSSG level between the 35S-GSH1 and WT seeds ( Table S3 ), indicating that higher GSSG in 35S-GSH1 is attributed to increased GSH biosynthesis. Seed imbibition allows the generation of reactive oxygen species, and this generation is required to break seed dormancy (Ogawa and Iwabuchi 2001, Ogawa et al. 2009 ) and for lignification (Ogawa et al. 1997) , cell differentiation (Ogawa et al. 2009 , Faltin et al. 2010 ) and morphogenesis (Ogawa et al. 2009 ). This is probably why seed GSSG increased with increasing GSH biosynthesis. Henmi et al. (2001 Henmi et al. ( , 2005 showed that a temporal increase in GSSG, but not in GSH, required the transdifferentiation of mesophyll cells to tracheary elements and suggested that redox changes in glutathione are also important for root development, including cell cycle regulation and tracheary element differentiation. Their observations may be partially explained by the association of GSSG levels with changes in global transcript levels (Figs. 2, 3 and 7) . Since GSSG promotes the glutathionylation of proteins to modulate protein functions (Ito et al. 2003 , Ogawa 2005 , Matsumoto and Ogawa 2008 , Hatano-Iwasaki and Ogawa 2012 , there may be sensor proteins undergoing glutathionylation to regulate the GSSG-dependent global changes in gene expression.
Materials and Methods
Plant materials and growth conditions
We used the Columbia-0 (Col) ecotype of A. thaliana as the WT plant. Seeds of WT and transgenic plants were imbibed with 1 mL of water in a microcentrifuge tube and kept for 15 min at room temperature under dim light. Then the seeds were incubated at 4 or 22 C for 24 h in the dark. Arabidopsis plants were grown in square plastic pots (6.5 Â 6.5 Â 5 cm) filled with two volumes of vermiculite (Asahi-Kogyo, Okayama, Japan) at the bottom, one volume of Kureha soil (Kureha-Engei-Baido, Kureha Chemical, Tokyo, Japan) in the middle layer and one volume of vermiculite on the top, under long-day (16-h photoperiod) conditions at a light intensity of 100 mE m À2 s À1 .
Construction of transgenic plants
Total RNA was isolated from the WT plants with the RNeasy Plant Mini Kit (QIAGEN, Valencia, CA, USA). Then, cDNA was synthesized by using the ProSTAR first strand RT-PCR kit (Stratagene, La Jolla, CA, USA) and RT-PCR was carried out by using the following sets of specific primers: GSH1_5 0 -3, 5 0 -GCTTTCTTCTAGATTTCGACGG-3 0 and GSH1_3 0 -3, 5 0 -CCTGA TCATATCAGCTTCTGAGC-3 0 ; GSH1_5 0 -2, 5 0 -ATGCCAAAGG GGAGATACGA-3 0 and GSH1_3 0 -2, 5 0 -GGAGACTCGAGCTCT TCAGATAG-3 0 (the underlining indicates the mutated nucleotide to produce a restriction site, XbaI or SacI). Primers were designed based on a cDNA sequence of GSH1 (At4g23100), so that two fragments of full-length cDNA were amplified by PCR. Then, each of the fragments was TA-cloned to a pGEM-T Easy vector (Promega, Madison, WI, USA). The two fragments were fused at a KpnI site, so that a vector (pGEM-GSH1) including full-length cDNA was constructed. For the purpose of producing a transformed plant, pGEM-GSH1 was processed by restriction enzymes XbaI and SacI, and then the bglucuronidase gene of the binary vector pBI121 was replaced by the fragment. The resulting pBI121 expression vector was introduced to Arabidopsis WT plants by Agrobacterium (Clough and Bent 1998) to produce a transformed plant. The phenotypes of the transgenic plants prepared in this study were similar to those constructed in our previous studies (Senda and Ogawa 2004, Hatano-Iwasaki and Ogawa 2007) .
Total RNA extraction
Total RNA from seeds imbibed at 4 or 22 C for 24 h was extracted using a cetyltrimethylammonium bromide (CTAB)-based method, as described previously (Chang et al. 1993, Mukai and Yamamoto 1997) . The extraction buffer contained 100 mM Tris HCl (pH 8.0), 20 mM EDTA, 1.4 M NaCl, 2% CTAB and, just prior to use, 1% b-mercaptoethanol. Approximately 50 mg of frozen imbibed seeds was ground to a powder in liquid nitrogen. The powder was added to pre-warmed (65 C) extraction buffer at 2 ml per 50 mg of seeds and shaken vigorously. The tubes were subsequently incubated at 65 C for 10 min. Homogenates were extracted twice with equal volumes of chloroform:isoamyl alcohol (24:1) and then centrifuged at 10,000 Â g for 10 min at room temperature. To the aqueous phase, ¼ volume of 10 M LiCl was added, mixed and then stored at À20
C for >2 h. After centrifugation at 10,000 Â g for 30 min at 4 C, the supernatants were discarded. The pellet was dissolved in 1 ml of 10 mM Tris-HCl buffer (pH 8.0) containing 1 mM EDTA (pH 8.0) and centrifuged at 10,000 Â g for 10 min. The supernatant was extracted with an equal volume of phenol and centrifuged at 10,000 Â g for 10 min. The supernatant was transfer to a microcentrifuge tube and then extracted with an equal volume of phenol:chloroform (1:1) followed by extraction with an equal volume of chloroform:isoamyl alcohol (24:1). After centrifugation at 10,000 Â g for 10 min, the aqueous phase was transferred to a microcentrifuge tube. To selectively precipitate the RNA, ¼ volume of 10 M LiCl was added and the sample was stored at À20 C for >2 h. RNA was pelleted by centrifugation at 20,000 Â g for 30 min, and then washed with 70% ethanol, air-dried and dissolved in 100 ml of DEPC-treated water.
Microarray experiments and data analysis
Different seed lots were used for two experiments. Total RNA from two independent replicates of WT and transgenic seeds imbibed at 4 or 22 C for 24 h was used for microarray analysis following the manufacturer's instructions (Affymetrix_ Genechip_Expression Analysis Technical Manual; http://www .affymetrix.com), using the suggested chemicals and reagents. Labelled cRNA was produced from 8 mg of total RNA and 20 mg of labelled cRNA was fractionated followed by hybridization on each gene chip. Microarray hybridization was performed using the Affymetrix Arabidopsis ATH1 genome array, containing 22,810 probe sets, according to the manufacturer's instructions. GeneChips were scanned on an Affymetrix GeneArray Scanner and the first data were analyzed using GeneChip Operating Software (GCOS) 1.4. The GEO accession number for the microarray data in this paper is GSE33978. For comparison of the microarray data, the data were subjected to z-scored normalization.
Real-time quantification PCR
Total RNA (1 mg) was treated with DNase I (Invitrogen, Carlsbad, CA, USA) and used for cDNA synthesis with a random primer using a Primescript RT reagent kit (TaKaRa Bio, Shiga, Japan). Real-time quantification PCR was performed using a Power SYBR Green PCR Mater kit with an ABI Prism 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA), according to the following cycling conditions: 10 min at 95 C followed by 40 cycles of 15 s at 95 C and 60 s at 60 C, and quantified using ABI Prism 7500 SDS software. 18S ribosomal RNA was used as an internal standard and for normalization of the expression levels of the target genes. The primers used are listed in Table S4 .
To establish a standard curve for quantification, genomic DNA isolated from leaf blades of a WT plant was used as the template. The genomic DNA was serially diluted in a range from 10 to 1 Â 10 À4 ng and used as template controls in real-time PCR experiments. All RT-PCR reactions using standards were done in parallel with unknown samples. The threshold cycle (Ct) value is the cycle number at which a significant increase in product amplification can be detected. The Ct value for each serial genomic DNA dilution was plotted against a log of the genomic DNA concentration to determine the concentrations of target-gene transcript in unknown samples.
Assay of GSH and GSSG
Imbibed seeds were frozen in liquid nitrogen and ground to a powder. The seed powder (per mg) was homogenized with 40 ml of extraction buffer consisting of 0.0425% (v/v) phosphoric acid, 0.05 M NaClO 4 and 0.05 M HCl. The homogenate was centrifuged at 20,000 Â g for 10 min at 4 C. The supernatant was centrifuged in a microconcentrator Microcon YM-3 (Amicon Inc., Beverly, MA, USA) at 14,000 Â g at 4 C. The filtrates were used in the assays for GSH and GSSG. GSH and GSSG were detected by monitoring ultraviolet absorbance at 195 nm with an LaChrom UV-VIS detector L-7420 (Hitachi, Tokyo, Japan) following a Hitachi LaChrom L-7000 HPLC system [L-7100 pump, 0.05 ml/min (0-2 min) and 0.2 ml/min (2-18 min); L-7300 column oven, 40 C] equipped with a Shiseido Capcel Pac18 reverse-phase C18 column (AQ 5 mm, ' 2 Â 250 mm; Shiseido, Tokyo, Japan). The system comprised two pumps. There were two mobile phases: A, consisting of 0.1 M NaClO 4, , 0.085% (v/v) phosphoric acid and 1% (v/v) acetonitrile, and B, consisting of 0.1 M NaClO 4, , 0.085% (v/v) phosphoric acid and 3% (v/v) acetonitrile. The ratio between both mobile phases (i.e. A/B) was 100/0 (0-8 min) and 50/50 (8-18 min). GSH and GSSG concentrations were determined using authentic GSH and GSSG.
Statistical analysis
Statistical analysis was performed by one-way analysis of variance followed by Tukey's post hoc test for multiple comparisons using the SYSTAT 11 statistical software (SYSTAT Inc., Evanston, IL, USA).
Supplementary data
Supplementary data are available at PCP online. 
